We have successfully controlled thermoelectric properties of ZnO by changing carrier concentration using an electric double layer transistor (EDLT) which is a field effect transistor gated by electrolyte solution.
Introduction
Thermoelectric materials are of increasing interest for applications such as power generators and heat pumps. Thermoelectric efficiency is characterized by the figure of merit known as another way to improve thermoelectric properties. A theoretical prediction indicates that the enhancement of S arises from an increase in the density of states near the edge of conduction band when electrons are confined in quantum-well structure.
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Such an enhancement of S has been confirmed experimentally in PbTe/Pb 0.927 Eu 0.073 Te superlattice. 2 In the case of transition metal oxides, the improvement of thermoelectric propereties have been reported in SrTiO 3 /SrTi 0.8 Nb 0.2 O 3 superlattice 3 and in the water electrolyte gated field effect transistor (FET) of SrTiO 3 . 4 Recently, it was found that a two-dimensional electron gas (2DEG) in MgZnO/ZnO heterointerface, where the mismatch in spontaneous polarization of two piezoelectric compounds is compensated by the charge accumulation at the interface, shows a very large mobility over 300,000 cm 2 /V s. 5, 6 Therefore, 2DEG on ZnO is considered to be promising for the thermoelectric application. Moreover, bulk ZnO is known as a n-type thermoelectric material which shows large power factor of ∼ 2 × 10 −3 W m −1 K −2 , and there have already been a number of studies to optimize thermoelectric properties by doping chemically. 15 In this paper, we report first achievement of controlling the thermoelectric properties of ZnO by using EDLT.
Experiment
ZnO polycrystalline sample was synthesized by a conventional solid-state reaction method. A commercial ZnO powder (4N) was pressed into a pellet and sintered at 1000
• C for 15h in air. The sintered sample was cut in rectangular shape (about 3 × 1 Hall voltage (V H ) was measured by constant current method (I D = 1µA) with sweeping magnetic field between ±5T . All measurements were carried out under an atmosphere of helium gas so as to prevent the electrolyte from absorbing water, which induces the gate leak current (I G ) between Pt gate and the sample. We have confirmed that the thermal conductivity of PEG was about two orders of magnitude lower than that of polycrystalline ZnO. Thus it is considered that EDLT device structure hardly affect the thermal properties of the sample. Fig. 2(a) shows the temperature dependence of the resistivity for polycrystalline ZnO annealed in oxygen, air, and argon atmosphere. Oxygen defects which naturally built in ZnO decreases with oxygen partial pressure of annealing. As seen in fig. 3(a) , the absolute value of the resistivity at room temperature decreases with decreasing oxygen contents (increasing defects) which induce electron doping. The resistivity of single crystal is also plotted for comparison. It shows lowest resistivity at room temperature.
Result and Discussion
This is thought to due to large carrier concentration and/or large mobility compared to polycrystalline sample. operation is not sensitive to the surface, and it has been observed both in single crystal and polycrystalline sample. Rather, the on-off ratio of the device in polycrystalline sample was larger than that of single crystal. Since the off-state current is determined by a range of bulk resistivity, the polycrystalline sample annealed in oxygen showed largest on-off ratio. Hereafter, we discuss polycrystalline sample annealed in Air, since it shows not only large on-off ratio but also large conductivity in the on-state.
The gate voltage dependences of I D , I G , and S at room temperature are shown in Fig. 3 . As seen in Fig. 3(b) , the leak current of this device was quite low, which was comparable in magnitude to that reported in ZnO single crystals. 10 In Fig. 3(c) , a sharp decrease of S was observed at the same threshold, implying that the surface of ZnO becomes metallic by carrier doping. In the FET configuration, metallic surface and insulating bulk substrate are considered to form a parallel circuit. Therefore, the observed total sheet conductivity (σ total ) and thermopower (S total ) is given by σ total = σ sur + σ bulk S total = S sur σ sur + S bulk σ bulk σ sur + σ bulk where S sur and σ sur are the thermopower and the sheet conductivity of the metallic surface, and S bulk and σ bulk are those of insulating bulk substrate, respectively. As discussed later, since the thickness of the surface metallic layer is five order of magnitude smaller than that of bulk substrate, we considered σ bulk as conductivity at V G = 0 V .   Fig 4(a) shows σ total and σ sur as a function of V G . Using σ sur and S bulk (thermopower at V G = 0), S sur was calculated in Fig. 4(b) . As seen in the Fig. 4 , σ total and S total is dominated by those of the metallic surface at large V G . Thus, these results strongly prove that we can measure the transport properties of the metallic surface layer above
In the case of SrTiO 3 /SrTi 0. 8 12 it is reported that an increase of V G reduces the thickness of the accumulation layer on SrTiO 3 , because an increase of V G reduces the dielectric constant of SrTiO 3 owing to its incipient ferroelectricity. Therefore, drastic increase in S is expected when the V G increases to be shrank the accumulation layer. However, as seen in Fig. 3(c) , enhancement of S was not observed at large V G , but the thermopower and the resistivity decrease simultaneously like the behavior of the conventional doping effect.
To investigate whether the thermoelectric properties of accumulation layer are twodimensional or not, the Jonker-plot, in which S was plotted with respect to the sheet conductivity (σ ), is shown in Fig. 5 . The relation of S and σ is theoretically ex- When the system has 3D energy band with a parabolic density of states near the Fermi surface, parameter a, that is the slope of the S − log σ line, is displayed as a = k e ln 10 = 198µV /K As seen in Fig. 5 , the value of S decrease with increasing σ , and the slope of S is in good agreement with the theoretical prediction for 3D system (−198µV /K), which is shown by the triangle in Fig. 5 . These results indicate that the thickness of the surface metallic layer is not as thin as STO superlattice, as discussed later. Fig. 6(a) shows the temperature dependence of sheet resistivity (ρ ) at various V G . ρ at low V G (below 1V ) showed semiconducting behavior, in which the resistivity increased abruptly at low temperature. In contrast, at high V G (above 2V ), the temperature dependence of ρ was weak and the absolute value of ρ was significantly small particularly at low temperatures, indicating that a large amount of electrons were accumulated on the surface and that a metallic state was realized. The temperature dependence of S at various V G were shown in Fig. 6(b) . Corresponding to the resistivity, the temperature dependence of S changed remarkably. Below the threshold voltage, the resistivity was too high to measure thermopower at low temperatures. At high V G , the absolute value of S decreased with lowering temperature, and was nearly constant below 200K. These behaviors of S are considered to due to the metallic state of the surface.
In order to estimate the carrier concentration (n), Hall-effect measurement was carried out. Here, we used the sample different from measurement of resistivity and thermopower. Although the thickness of the surface metallic layer (d), and hence the n, cannot be directly obtained, we can roughly estimate d by using the sheet carrier concentration n (evaluated from Hall coefficient) and the critical carrier concentration (n c )
at Metal-Insulator transition (MIT) in ZnO. In general, a metallic state emerges when the mean distance of donors r, which is deduced from donor density (carrier concentration) n = (4/3πr 3 ) −1 , becomes much smaller than the effective Bohr radius (a B ), which is 1.7 nm for ZnO. Therefore, the n c is calculated as n c = 3/4πa
17 Fig. 6(c) shows n obtained by Hall-effect measurement. The temperature dependence of resistivity showed metallic behavior when n exceeded 5×10 13 cm −2 (shown as dotted line in Fig. 4(c) ). At the critical point (MIT), the formula n c = n /d=5×10 13 /d should be established. Thus, d was estimated to be approximately 10nm, which is consistent with the typical thickness of carrier accumulating layer for EDLT. 12 The reason why an enhancement of S was not observed in this system, is probably because the thickness of 2DEG in our system (10nm) is too large to emerge quantum confinement of electrons.
Using the obtained d, the power factor of this EDLT device with applying V G = 4V is estimated to be 8×10 −5 W m −1 K −2 at 300K. This value is six or seven orders of magnitude larger than that of the bulk state (V G = 0). Although the power factor is not as large as reported ZnO ceramics of optimum doping condition (∼ 2×10
EDLT is considered to be a useful way to optimize thermoelectric properties by tuning carrier concentration.
Conclusions
We have successfully controlled the thermoelectric properties by using EDLT configu- 
